Abstract-Anthropogenic activities resulting in elevated selenium (Se) levels in aquatic ecosystems can result in teratogenic and reproductive effects in fish and waterfowl. However, relationships between observed effects and exposure concentrations or body burdens are ambiguous. Therefore, it is critical to identify factors that affect Se ecotoxicity before defining adequate protective environmental regulations. One important political debate questions if Se ecotoxicity differs between standing (lentic) and flowing (lotic) waters and, if so, how this should be incorporated into the definition of protective criteria. In the present review, we compile and discuss the scarce literature regarding Se ecotoxicity in lotic systems, and we compare it to the substantial body of evidence for lentic systems. General differences between lentic and lotic systems with respect to ecology, hydrology, and biogeochemistry are identified and related to Se ecotoxicity. The limited knowledge regarding Se speciation in the biomagnification process is reviewed and put in context. Fundamental considerations suggest that Se ecotoxicity in lotic systems should be reduced compared to lentic systems, but we conclude that this statement is not substantiated by the existing data. Additionally, we identify critical gaps of knowledge that must be resolved in future studies before the argument can be decided conclusively.
INTRODUCTION
Selenium (Se) is a naturally occurring trace element found in the earth's crust, soils, and minerals. In the environment, Se occurs in different forms: Elemental (Se 0 ), oxidized selenate and selenite, and reduced forms [1] , which include volatile methylated selenides, seleno-amino acids (e.g., selenomethionine [Se-met]) and their associated proteins, and inorganic selenides (Se 2Ϫ ) [1] . Anthropogenic activities, including mining, irrigation of agricultural land, petroleum refining, and coal combustion, may increase levels of Se in aquatic ecosystems to concentrations that are potentially toxic to fish and wildlife [2] . Once Se is in the aquatic environment, it can accumulate in biota and cause toxic effects, including teratogenic deformities to offspring, reduced reproduction, and mortality, resulting in rapid loss of fish and waterfowl populations [2] .
The toxic effects of Se have been studied for decades and are well understood, but considerable debate has occurred during the past decade with respect to establishment of an appropriate freshwater criterion that is protective of endangered wildlife. Many believe that the current U.S. Environmental Protection Agency (U.S. EPA) water-quality guideline of 5 g/L is too high [3] , and others suggest that a water-based criterion for total Se does not adequately represent the complex biogeochemistry of this element in aquatic systems [4] (http://www.kennecott.com/pdf/waterqua.pdf). Additionally, dispute remains about the transferability [3] of ecotoxicological data from lentic (standing water) systems, in which most previous studies have been conducted, to lotic systems (flowing waters), in which few studies have been conducted. The goal of the present review is to compare what is known about Se biogeochemical cycling in both lentic and lotic environ-* To whom correspondence should be addressed (dwallsch@trentu.ca).
ments in an effort to establish areas of study that have not been explored but could help to clarify key points of understanding regarding the possible differences between Se ecotoxicity in both types of environments.
MECHANISM OF TOXICITY
Selenium is an essential nutrient for fish, birds, and mammals, because it is a component of the enzyme glutathione peroxidase (SeGSHpx) [5] . This enzyme converts peroxide into water and catalyzes the scavenging of free radicals by glutathione, thereby preventing oxidative damage to biological tissues [6] . Diets containing Se ranging from 0.1 to 0.3 mg/ kg satisfy the requirements for maintaining adequate SeGSHpx levels [6] . Selenium becomes toxic when it exceeds acceptable ranges for dietary requirements. To understand fully the mechanisms causing Se toxicity, let us first consider the role of sulfur in tertiary protein structure. During protein formation, sulfur atoms are present in specific amino acids within the primary sequence of a protein molecule. During protein folding, these sulfur atoms will reinforce the tertiary structure by forming disulfide bonds with other sulfur atoms. Excess dietary Se behaves as an analogue to sulfur, erroneously replacing sulfur atoms in proteins [5] . However, Se is incapable of forming diselenide bonds but does form triselenide or selenotrisulfide linkages instead [2] . Because of these altered linkages, the overall biological effect of erroneous Se is the distortion of structure and eventual dysfunction of enzymes and proteins.
Generally, adult organisms can tolerate high amounts of Se in their environment without experiencing detrimental effects; consequently, the acute Se toxicity criterion for aquatic life is set at 220 g/L by the U.S. EPA [7] . However, from a developmental viewpoint, excess dietary Se can exert negative effects, and for this reason, chronic drinking water and freshwater quality criteria are much lower. For example, drinking-water criteria are 50 g/L (U.S. EPA) and 10 g/L (Environment Canada), and freshwater wildlife protection criteria are 5 g/L (U.S. EPA) and 1 g/L (Environment Canada) (http://www.ccme.ca/assets/pdf/el06.pdf) [8] . To understand the chronic effects of Se, picture the developing embryo. As the cells differentiate into biological tissues, such as blood, bone, scales, or feathers, different types of proteins and enzymes will be required as building blocks. If the parent organism provides the embryo's yolk with Se-contaminated proteins, then deformities, such as teratogenicity, anemia, edema, and hepatic lesions, commonly arise [5, 9] . Typically, teratogenic effects in fish appear as spinal deformities, such as scoliosis, kyphosis, or lordosis [5] . In waterfowl and mammals, teratogenicity generally is manifested in keratin-forming cells that produce hard tissues, such as hair, horns, beak, feathers, and nails [9] . It is important to understand that the full impacts of teratogenic effects can subsequently cause population decline or species eradication of a sensitive species in a particular ecosystem within a couple successive generations following Se exposure-even at doses only 10-fold greater than the dietary requirements [10, 11] .
From an ecotoxicological viewpoint, the effect of Se becomes more apparent when studying trophic interactions. Besser et al. [12] performed a trophic study with 75 Se-labeled compounds. Bioconcentration factors resulting from exposure to seleno-L-methionine were one to two orders of magnitude higher than bioconcentration factors from exposures to inorganic selenite and selenate [12] . Additionally, algae and daphnids accumulated selenite more strongly than selenate, as demonstrated by bioconcentration factors. Bioconcentration factors for algae and daphnia were larger than those for bluegill [12] . Aqueous and food-chain accumulation demonstrated that bluegill accumulate Se primarily through diet [12] . Similar conclusions were reached by Bowie et al. [13] , who generated a predictive model of Se cycling in freshwater ecosystems by laboratory testing that was confirmed by field data taken from the Hyco Reservoir, North Carolina, USA. Fan et al. [14] demonstrated that bioconcentration of total Se from water to phytoplankton often was large but quite reduced at the next trophic level (algae to brine shrimp). However, the average bioconcentration of Se-met in macroinvertebrates was consistently higher than that in microphytes from the same collection site [14] . All these studies demonstrate that the relative bioavailability of Se-met compared to inorganic species is higher, and they suggest the greater importance of trophic interactions for determining bioaccumulation over bioconcentration from the surrounding matrix.
Understanding Se toxicity may be complicated when Se is present in mixtures with other metals, because both the toxic effects of Se and/or of the other metals can be altered. For example, both cadmium and mercury toxicity appear to be reduced by Se [15] , whereas the toxicity of other metals may be enhanced [16] . In some cases, the toxicity of both interacting trace elements is reduced, as is the case with Se and arsenic(III) [17] . Hamilton [18] assessed the hazards of inorganics to three endangered fish (Colorado squawfish, razorback sucker, and bonytail) in the Green River, Utah, USA. Based on acute toxicity information and environmental concentrations at this location, Hamilton found that zinc was posing a moderate to high risk and that boron, selenate, and selenite were posing a moderate risk to the three endangered fish species assessed. Hamilton concluded that the adverse effects from these metals were contributing to the decline of Colorado squawfish, razorback sucker, and bonytail in the Green River. The additive affects of metal mixtures have not been studied in great detail even though models exist to determine possible antagonistic and additive effects of complex mixtures of toxicants, such as the toxic equivalency concentration method [19] . Likewise, major anions can influence Se ecotoxicity. For example, environmental concentrations of sulfate reduce the bioavailability of selenate to algae [20] and its overall acute toxicity to aquatic organisms [21] . In systems where the concentration of selenate relative to other Se species is high, this could greatly reduce biological impacts. Similar interactions have been observed for selenite and phosphate [22] , demonstrating the necessity of discussion regarding Se biomagnification within the context of site-specific water chemistry.
A second confounding aspect of Se is that no consensus exists regarding the relative toxicity of certain organic species. It generally is accepted that the order of toxicity of Se species is as follows: Se-met (seleno-amino acids) Ͼ selenite Ͼ selenate. Presently, Se-met is thought to be the species of Se that is most bioavailable to primary consumers [13] , and evidence suggests that this organic species bioconcentrates [23] and bioaccumulates [14] more substantially than inorganic forms do. One study demonstrated that seleno-L-methionine enantiomer is more toxic to mallard ducks compared to a mixture of seleno-(D,L)-methionine, selenized yeast, or selenized wheat [24] . However, to our knowledge, no analytical evidence indicates that seleno-methionine exists in the abiotic environment, so its bioconcentration and biomagnification potential can explain only part of the observed Se biomagnification in aquatic food chains.
There is also evidence of organic Se compounds other than seleno-amino acids existing in the environment. For example, one recent study found evidence of nonvolatile, plant-derived, reduced organic Se compounds other than Se-met [25] . In that experiment, soils were amended with different Se species, including Se-met, selenocysteine, methylated seleno-amino acids, and dimethylselenopropionic acid, and it was found that in addition to known metabolic pathways present for transformation to volatile dimethylselenide, a large portion of nonvolatized Se was present in an unidentified organic form that was not an amino acid [25] . Although the toxicity of this compound to aquatic biota was not tested, it could conceivably be quite different from that of Se-met and may be present in appreciable concentrations in some environments. Consequently, it is important that all organic Se species occurring in various environmental compartments are identified and characterized and that their relative bioavailabilities and toxicities are assessed.
Finally, although evidence indicates that Se behaves in a biological manner similar to that of sulfur in amino acids, it is incorrect to assume that Se distributes itself exactly the same within biological tissues. In a remarkable study, Reinfelder and Fisher [26] examined radioisotope tracers for both S and Se in exposed phytoplankton subsequently fed to marine copepods, and they demonstrated that these two elements were distributed among different fractions of the animal tissues. Clearly, the literature has a large gap regarding information about Se biochemistry, and the question arising from this gap cannot be answered purely on the assumption that Se behaves as a sulfur analogue alone.
SELENIUM BIOGEOCHEMICAL CYCLING
Selenium in an aquatic ecosystem has three eventual fates: It can be taken up by organisms, can be complexed with parSelenium in lotic and lentic environments Environ. Toxicol. Chem. 24, 2005 1333 ticulate/colloidal matter and surficial sediments, or can be dissolved in solution. Most transport processes are governed by movement into and out of the top layer of sediment and detritus through biogeochemical processes; thus, the top layer is only a temporary repository for Se [2] . In contaminated systems, up to 90% of Se can be found in the upper few centimeters of sediment and overlying detritus of an aquatic system [2] . This is important in aquatic systems with high biological activity in the benthos, such as slow-moving wetlands and stillwater habitats; that is, bioturbation by invertebrates can create a locally oxidative environment, releasing reduced species of Se and allowing it to cycle back into the benthic food web. As Se is recycled through the benthic food web, Se levels in biota can remain high for years after inputs have ceased [27] . This may be more important in systems that are reducing at the sediments, because Se inputs are increased by the benthos. However, in oxidized sediments, bioturbation cannot increase the Se levels in the system. Processes that immobilize/sequester Se include chemical and microbial reduction of oxidized forms to Se 0 [28] as well as adsorption of selenate and selenite to clay, minerals (particularly iron), and dissolved organic carbon [29] . Selenium accumulation in plants from soils/sediments and adsorption to algae from water also can be considered to be forms of temporary immobilization. However, from a toxicological standpoint, it may be preferable to think of this as a mobilization process, because the Se species are now concentrated in a potentially biologically available form that can accumulate through the food chain [14] . Selenium adsorbs to dissolved organic matter and algae, altering its bioavailability to benthic invertebrates, such as bivalves, compared to that of elemental and anionic forms [28] . Selenite is the predominant bioavailable species of Se to most algae and cyanobacteria before it is converted into the more toxic and bioaccumulative selenoamino forms [13, 30] . As stated previously, sulfate can inhibit selenate uptake in algae, invertebrates, and fish; therefore, it reduces the toxic effects of this dissolved Se species [21] . Biological material eventually will turn into detritus, from which both organic and inorganic species can be released back into abiotic compartments over time by microbial degradation [2] . Methylated selenides can be formed by bacteria, macrophytes, and microphytes from both inorganic and organic Se species in sediments, and they may volatilize to the atmosphere [31] [32] [33] . Selenium speciation in environmental compartments depends critically on a number of biogeochemical parameters, including reduction potential, pH, concentration of major elements and organic matter, and microbiological activity [29] [30] [31] 34] . Selenite is predominant in mildly reducing environments, whereas selenate is more stable under alkaline, oxidizing conditions [29, 34] . In reducing sediment layers, Se oxyanions will be converted into Se 0 , which is not bioavailable [29] . Selenite can adsorb to manganese and iron oxyhydroxides at the sediment-water interface; however, reduction of these same oxyhydroxides will release the Se back into the water column [29] . Physical processes, such as water circulation and mixing, can also influence Se speciation by redistributing dissolved Se species to different microenvironments [2] . When surface waters are not contaminated with soluble Se, the redox potential and biological activity of the sediments largely influence exchange of Se between the water column and the food chain, perpetuating long-term Se toxic effects in aquatic systems. Figure 1 demonstrates the biogeochemical cycling of Se in aquatic systems while illustrating the generalized differences between lentic and lotic systems.
GENERAL CHARACTERISTICS OF LENTIC AND LOTIC ENVIRONMENTS
The differences between lentic and lotic environments fall into three categories: Chemistry, hydrology, and ecology. These differences will uniquely affect parameters such as sedimentation rates and trophic structure. Aquatic systems can be divided into three general classes: Lakes, ponds, and rivers. A dimictic lake becomes thermally stratified twice a year, during the winter and summer, and it experiences mixing twice a year, during the spring and fall [35] . In contrast, ponds are much smaller and normally more shallow than lakes; hence, they respond more quickly to changes in temperature. Therefore, ponds typically do not stratify and are permanently mixed. Because of typically low flushing rates, ponds normally are eutrophic, with high primary productivity [35] , whereas the trophic status of a healthy dimictic lake is usually oligoor mesotrophic, depending on age, depth, and catchment of the lake. Most lentic habitats have a rich diversity in plant, algal, and fish species, because each area of the system represents a specific niche. For instance, the euphotic zone contains a top-down food chain (algae, protozoa, zooplankton), whereas the littoral zone would offer many macrophytes, invertebrates, and small fish an excellent habitat [36] . The cooler profundal zone usually hosts the top predator and benthic fish [36] . The benthos is home to a rich diversity of microorganisms and benthic invertebrates [36] . Both lakes and ponds have sediments that are formed primarily by deposits from their own (autochthonous) organic matter production [35] .
Within rivers, one encounters three different types of zones: Runs, riffles, and pools. Runs have deep channels with fast flows and little turbulence [35] . Riffles are shallow, with high velocity and turbulent flow [35] . Pools have deep channels, little turbulence, and low velocity [35] . Because rivers are constantly moving, thermal stratification is rare, oxygen abundant, and erosion and deposition the dominant processes [35, 36] . Organic deposits often originate from other places along the catchment (allochthonous). The biota in riparian habitats are similar to those found in lakes; however, adaptations to higher dissolved oxygen and the ability to attach to substrate or fight the current are found in most species [36] . Backwaters often are associated with lotic systems and are bodies of flowing water that accumulate in nearby lowlands, often caused by an obstruction (e.g., a dam).
SELENIUM SPECIATION IN LENTIC AND LOTIC SYSTEMS
To date, we lack conclusive analytical evidence that any other dissolved inorganic Se species besides selenite and selenate exist in freshwaters. Reports have appeared of organic Se species, such as dimethylselenide, in natural waters [37] , but these species usually constitute a very small fraction of the total Se present and, because of their volatility, would be expected to escape the water column rather rapidly. Therefore, it seems to be justified at this point to reduce the discussion of Se biomagnification in freshwaters to the species selenite and selenate. Algae accumulate more selenite than selenate [12] , so if one assumes that uptake into higher pelagic organisms is dominated by diet rather than by water [12] [13] [14] , then one would expect higher Se biomagnification in waters con- taining a higher fraction of selenite. This would, of course, be complicated by food-chain dynamics. Amweg et al. [38] studied Se removal and speciation in a treatment system for hypersaline (sulfate-rich), Se-enriched agricultural drainage waters that essentially consisted of a series of ponds with varying biogeochemical properties. The first pond featured strongly reducing conditions created by stimulating microbial reduction through the addition of organic matter, whereas the subsequent ponds partially reoxygenated the water by stimulation of algal growth. Amweg et al. reported that the influent, which contained approximately 400 g/L of total Se, almost entirely in the form of selenate, lost approximately half its total Se concentration in the first pond, and they attributed this loss to removal to the sediment and volatilization of reduced Se species. Simultaneously, they observed significant fractions of selenite and other reduced Se species in the pond waters after Se removal. Large bioconcentration factors (500-1,000) of Se also were observed for both algae and macroinvertebrates in the treatment ponds, proving clearly that generation of reducing conditions enhanced bioconcentration despite reduced total Se concentration levels, which must be caused, at least in part, by the formation of reduced Se species (e.g., selenite). It must be kept in mind, however, that this system contained very high sulfate concentrations, which may stimulate reduction by serving as an electron source for benthic microorganisms and also could compete effectively with selenate during uptake into biota. According to our generalization, however, lentic systems typically can be expected to have higher salinity than lotic systems, so these two processes may distort the overall picture of selenate reduction and bioavailability and, thus, make transfer of results from this particular system to other lentic bodies of water problematic. The absolute Se concentrations for biota in the pond was approximately fivefold higher than those in the drainage influent. The drainage system is not representative of lotic systems in general, but this study does suggest that Se bioavailability increases in lentic components of hydrological systems, at least when they feature sub-or anoxic zones and high biological activity/biomass density, which we postulate as a common characteristic of many lentic systems.
Nishri et al. [30] studied changes in Se speciation as the Jordan River becomes Lake Kinneret (Israel). Because all other water sources to the lake are small by comparison to the Jordan, we can take a simplified view of this study and consider it to be a transition of the same body of water from lotic to lentic conditions, which provides us with a rare opportunity to compare the effects of lotic and lentic conditions on Se speciation. Two characteristic features of the lake were strong algal blooms in spring and subsequent stratification with strongly sulfidic hypolimnetic conditions during summer. Although the lake has high evapotranspiration, its water consistently had lower total dissolved Se concentrations than the entering river Selenium in lotic and lentic environments Environ. Toxicol. Chem. 24, 2005 1335 water, providing clear evidence for Se removal in the lentic part of the system. Generally, total dissolved Se in the hypolimnion was lower than in the epilimnion and decreased with depth, which indicates Se removal to the sediment. Selenium in the river was predominantly present as selenate, and the ratio of selenate to selenite was quite consistent (ϳ4). The ratio of selenate to selenite in the lake varied strongly during the study and often featured significantly more selenite, suggesting reduction of Se species in the lake. A species mass balance for the lake provided evidence for a roughly 50% loss of total dissolved Se in the lake as well as significant formation of ''organic Se'' (operationally defined as total dissolved Se [selenite ϩ selenate]). The net loss of both selenite and selenate in the lake was explained by a combination of uptake into algae during spring, removal to the sediment with decaying algal matter during summer, and Se reduction in the hypolimnion, leading to transfer of Se into the sediments. Unfortunately, none of these hypotheses was verified experimentally. However, this study still provides strong support for our general assumption that lentic systems are more productive biologically and favor the establishment of reducing conditions, which contribute to Se transport into the sediments and stimulate the littoral pathway involved in Se bioaccumulation and biomagnification. Selenium distribution in Finnish lakes was related to trophic status [39] . Despite having similar Se concentration and speciation in the water columns, the sediments of these lakes had total Se concentrations anticorrelated to the trophic status of the lake; that is, oligotrophic lakes had the highest Se concentrations in the sediments. Likewise, the same general trend was found for Se concentrations in perch living in these lakes, although the relative impact of trophic status on sediment Se concentrations was stronger than that on fish Se concentrations [39] . The investigated lakes did not stratify during the study, so the general characteristic of lentic systems favoring generation of sub-or anoxic conditions at the bottom did not apply in this particular study, leaving us with a rare opportunity to separate trophic and redox state of lentic systems. Because the eutrophic lakes had much higher phosphate concentrations from agricultural fertilizer runoff, one possible explanation for this unusual observation may be that phosphate suppressed selenite uptake by algae (as shown for higher plants by Hopper and Parker [40] ). Additionally, the lower total biomass in the oligotrophic lakes may have reduced biodilution of any Se taken up into the food chain. These results suggest that generation of reducing geochemical conditions in lentic systems typically outweighs the mitigating effects of higher salinity and higher biomass density on Se biomagnification, so the higher Se biomagnification potential of lentic versus lotic systems suggested here would really be more of a geochemical than a biological phenomenon.
It is widely acknowledged that the water-soluble fraction of Se (and other trace elements) in sediments and wetlands best represents the pool available for uptake into biota except when an organism's lifestyle involves active uptake and digestion of solid material, as is the case, for example, in earthworms. Consequently, pore or interstitial waters would give the best estimate of this bioavailable fraction, followed by aqueous extracts prepared (under defined conditions) from sediments or wetland soils in the laboratory. Belzile et al. [29] studied Se speciation in the pore water and solid material of sediment cores from two lakes: One acidic lake (pH 5) with an evidently oxic sediment-water interface, and one circumneutral lake (pH 7.5) with an evidently reducing sedimentwater interface. This study observed comparable total dissolved Se concentrations in the pore waters from both lakes despite 10-fold higher sediment Se concentrations in the circumneutral lake with reducing surface sediments. In the acidic lake with oxic surface sediments, dissolved selenite was more abundant than dissolved selenate in deeper (iron-poor) sediments, whereas it decreased toward the sediment-water interface through the oxic, iron-rich surface sediment layer. The decrease in soluble selenite in this layer corresponded to an increase in Se bound to iron oxides. By comparison, in the circumneutral lake with reducing surface sediments, selenite dominated over selenate throughout the entire depth profile, and almost all Se in the solid phase was present as Se 0 in the sulfide-rich sediments. This suggests that reducing conditions at the sediment-water interface enhance removal of Se from the water column to the sediment and the presence of more reduced Se species in the pore water and solid phase. By comparison, an oxic sediment-water interface appears to favor oxidized Se species in pore water and sediment, to reduce Se removal from the water column, and to trap selenite on iron (hydr)oxide minerals in the boundary layer. In this particular study, however, these conclusions are overshadowed by the significant pH difference between the two systems. Nonetheless, this study supports the concept that bottom-dwelling littoral and benthic organisms are exposed to more Se at reducing sediment-water interfaces, which should favor enhanced Se uptake into these biota. Additionally, at least with respect to selenite versus selenate, the higher fractions of dissolved reduced Se in reducing sediments (or at circumneutral conditions) would result in higher Se bioavailability to phyto-and zooplankton. Although the study did not compare lentic and lotic systems, we believe that the lake with the reducing surface sediments would be more characteristic of typical lentic systems, whereas the lake with the oxic surface sediments resembles lotic systems with respect to typical hydro-and geochemistry. Therefore, this study provides some evidence that supports the assumption of higher water-sediment transfer and higher Se bioavailability in lentic systems compared to lotic waters.
Masscheleyn et al. [41] conducted a set of experiments in which the leaching of various Se species from Kesterson Reservoir, California, USA, sediments was studied under controlled Eh and pH conditions. They found that solubility was low under the native, strongly reducing condition and that any mobilized Se was present in the form of reduced species (operationally designated as Se(0)/Se(-II)). Oxidation of the sediments led to increased Se mobilization and also changed the speciation of Se in the extracts. Oxidation of reduced Se to selenite started at 0 mV, and oxidation of selenite to selenate began at ϩ200 mV of redox potential. Leaching of selenite correlated with loss of iron from solution and visual oxidation of iron(II) to iron(III), suggesting that reduced Se in the sediments may have been associated with reduced iron(II)-sulfur minerals and that a fraction of the formed selenite was trapped by adsorption on the newly formed iron(III)-oxyminerals. Surprisingly, formation of volatile Se species was observed only under oxidizing conditions even though compounds like dimethylselenide contained reduced Se atoms. These results confirm that overall solubility of Se is lower under reducing conditions but also that this may be compensated for by the higher bioavailability of the reduced Se species that are present. Again, we interpret this as evidence that lentic systems, which (-II) . Because to our knowledge information regarding their uptake behavior (or even their exact chemical identity) exists, the fact that they constitute the major fraction of soluble Se under reducing conditions poses a major uncertainty factor in assessing Se bioavailability in sub-and anoxic milieu, which must be addressed in future research.
SELENIUM IN LOTIC SYSTEMS
It has been proposed that lotic systems can tolerate greater loads of Se contamination than lentic systems can, primarily because contaminants experience dilution in lotic systems and because aquatic biota may be less exposed as a result of the ability of locomotion within the system [4] . In a review by Adams et al. [4] , Monte Carlo analysis is proposed as the method for determining site-specific water-quality criteria, as opposed to the use of a single guideline value for all surface waters. This method is based on a review of the literature that determined major differences exist between the ability of lentic and lotic systems to bioaccumulate Se. Specifically, the study established an overall trend demonstrating that fish from lentic systems bioaccumulate Se 10-fold more than fish from lotic environments exposed to comparable concentrations. In addition to a compilation of bioaccumulation data from each system, this theory is supported by evidence regarding the biogeochemical cycling of Se. The authors reason that Se mobilization processes are driven mainly by biological and oxidative processes and that the nature of lentic environments permits more Se bioaccumulation compared to that in lotic ecosystems. Additionally, Se in the water column in lotic environments often is in the form of selenate because of higher redox potentials, and transfer to the sediments is limited [4] . Selenate is less toxic and bioavailable compared to selenite or Se-met, which could greatly reduce the overall impacts of total Se concentrations in the water column of lotic versus lentic systems. This proposed approach has been criticized by Hamilton [42] , however, because it does not consider the relationship of different habitats associated with lotic systems, such as backwaters, side channels, and reservoirs.
Some experimental studies support the approach proposed by Adams et al. [4] . Specifically, there have been various reports in which no adverse affects or only little indication of toxicity have been observed in lotic systems at Se levels greater than the U.S. EPA criterion of 5 g/L. For instance, VanDerveer and Canton [43] attempted to develop sediment toxicity thresholds and, subsequently, to convert these into waterborne Se criteria for lotic systems. They concluded that particulate Se could predict adverse biological effects more reliably than waterborne Se could. The model, based on a stepwise multiple regression, demonstrated that the most important factors predicting biological effects were sediment total organic carbon, sediment Se, and dissolved waterborne Se. Their model demonstrated that organic-rich sites, such as Belews Lake, North Carolina, USA, and Kesterson Reservoir, California, USA, had great potential to bioaccumulate Se. In fact, some parts of the Belews Lake ecosystem had demonstrated massive toxicity at Se levels at the U.S. EPA water criterion of 5 g/L or less. In contrast, organic-poor environments, such as Colorado, USA, streams, consistently exceeded the chronic criterion of 5 g/L and, apparently, displayed no adverse affects. This study has been criticized heavily [3] , primarily because of a ''careless literature review'' and a failure to consider off-stream deposition and backwater cycling or the other bodies of water that could be habitats for the fish. Although the last criticism is justified, it does not render the authors' original point invalid. VanDerveer and Canton were attempting to explain a real phenomenon with a geochemical model and may have oversimplified the model. For instance, no information was provided regarding factors that were eliminated from the regression model. Additionally, the model did not account for a wide range of other physical parameters and factors, such as pH, presence of sulfur-rich minerals, and reduction potential, which could have been considered as important, because they all affect bioavailability of Se in sediments.
May et al. [44] sampled 46 sites in the Republican River basin of Colorado, Nebraska, and Kansas, USA. The source of Se in this watershed is from agricultural irrigation and underlying shale. Using mostly the guideline of Lemly for acceptable levels in water, sediments, and biota [5] , May et al. [44] determined that 18 of the tested sites had levels exceeding the criterion of 5 g/L for a high hazard to biota and that 12 additional sites had Se levels between 1 and 3 g/L, falling into the moderate-hazard category. Forty-three sediments contained Se levels representing no hazard (Ͻ1 g/g), and only three contained minimal hazard levels (Ͻ2 g/g). Despite this finding, 95% of sampled benthic invertebrates contained levels of Se exceeding 3 g/g (biological effects threshold), whereas invertebrates from only four sites had Se concentrations below this level. For all but eight sites, fish had Se concentrations exceeding 4 g/g (biological effects threshold), accounting for approximately 75% of the data set. These results suggested that reproductive failure may occur [44] .
No actual analysis was performed by May et al. for nonvisual sublethal adverse effects, such as changes to blood chemistry or winter stress syndrome. However, based on the presence of populations of healthy young fish of many different species and of a wide variety of sport fish that historically have not been declining, recruitments did not appear to be affected by elevated levels of Se [44] . As one possible explanation, the authors suggested that adaptation may be occurring within fish populations at this site. This seems to be feasible given that these waters would have had Se inputs for many generations because of natural inputs from shale bedrock, and the fish species could have adapted over time. Adaptations are more likely to occur where an individual is given an advantage by a particular genetic trait and, therefore, will be more likely to survive. Over time, through natural selection, the gene that confers this favorable adaptation will persist in the population. In contrast to fish, no data regarding effects on local bird populations were reported. Given that many birds are migratory, they may be more sensitive to Se contamination in this area, because they have not necessarily adapted to high levels of Se in fish from their diet. The authors did not support a universal application of published biological effects thresholds for Se in surface waters.
Osmundson et al. [45] demonstrated that increased flow in a lotic system could decrease Se concentrations in fish. In this study, Se concentrations in muscle plugs of Colorado pikeminnow were determined over a three-year period in the Upper Colorado River. Of the 39 pikeminnow sampled in 1994 from various sites along the Upper Colorado River, 11 were recap-tured in 1995. The muscle plugs from 9 of these 11 fish contained significantly lower concentrations of Se than found in the previous year. After performing a linear regression between body weight and Se concentration in muscle tissues, the authors concluded that only 10.2% of the reduction could be explained by changes in body weight alone, and they attributed the difference in Se concentrations to the effects of high spring runoff flows in the Upper Colorado River during the sampling period. The flows approximately doubled, and they could have decreased Se concentrations by dilution with uncontaminated water, affecting Colorado River backwaters where pikeminnow larvae and juveniles are most abundant. The authors were careful to point out that many other factors can influence Se concentrations in muscle plugs, including Se concentration in food items, initial loads in muscle and other tissues, staging and feeding location before capture, feeding rate and weight gain of fish, and sex. As this study demonstrates, however, it also is necessary to recognize the importance of the magnitude, duration, and timing of spring runoff and the resulting effects on Se accumulation in fish.
A follow-up study at the same site has been published recently by Hamilton et al. [46] that includes monitoring data of pikeminnow muscle plugs for the years 1995 to 1998. This study included water, sediment, invertebrate, and forage fish Se concentrations in addition to muscle plug concentrations, and it examined the effects of a water-control structure that allows the Colorado River to flow through a channel area at Walter Walker State Wildlife Area, Colorado, USA. The results demonstrated that the increased flow through uncontaminated waters reduced Se concentrations in water, sediments, aquatic invertebrates, and forage fish. Average annual total dissolved Se concentrations in water were 21.0, 23.5, 2.1, and 2.1 g/ L in 1995, 1996, 1997, and 1998, respectively, and total Se concentrations in sediments were 8.5, 8.2, 4.8, and 1.1 g/g, respectively. Total Se in benthic invertebrates and zooplankton averaged 27.4, 15.5, and 4.9 g/g in 1996, 1997, and 1998, respectively, and Se in forage fish averaged 27.2, 20.2, and 8.6 g/g, respectively. Muscle plugs of Colorado pikeminnow, however, did not demonstrate a corresponding decreasing trend; average Se concentrations were 9.8, 9.5, 9.0, and 10.3 g/g in 1995, 1996, 1997, and 1998, respectively. Selenium concentrations in muscle plugs were associated most closely with seasonal flows and with length and weight of individual fish. Observed toxic effects were not discussed; however, it was discussed that Colorado pikeminnow are an endangered fish and that populations are declining.
An interesting study performed by Mason et al. [47] demonstrated the importance of pH in determining overall soluble Se concentrations in surface waters and its ability to bioaccumulate in biota. In this study, water, insect, crayfish, and fish were sampled from two different stream locations, one with a high pH and one with a low pH. Both streams were estimated to have the same overall Se inputs from long-term transport through atmospheric deposition. The results revealed that the low-pH stream had elevated Se concentrations and that the biota had increased bioconcentration levels and bioaccumulation factors (BAFs) [47] . Trophic absorption tended to vary seasonally, and the authors concluded that specific factors, including depuration rates and the specific pathway of accumulation, could influence this type of accumulation. This study did not differentiate between different species of Se, so it is difficult to draw conclusions as to whether pH affected speciation and, therefore, the bioavailability of total dissolved Se in each stream.
Swift [48] studied outdoor stream mesocosms at the Monticello Ecological Research Station (Monticello, MN, USA) that were dosed at a high, medium, or low concentration of 30, 10, or 2.5 g/L, respectively. Overall concentrations of Se and effects on various biota, including macrophytes, amphipods, isopods, minnows, and sunfish, were observed. The BAFs were calculated for macrophytes, invertebrates, and bluegill sunfish. Time for stream recovery after dosing also was studied. The Se uptake in macrophytes increased as plants grew in summer and decreased as plants died in winter. Overall BAFs for macrophytes varied only marginally, from 782 in the low-treatment stream to 1,140 in the high-treatment stream. Macroinvertebrates accumulated Se rapidly after initial dosing began, and the mean concentration reached as high as 24, 60, and 65 g/g in the low-, medium-, and high-treatment streams, respectively. No effects of Se on the plant community were apparent. No seasonal variation was observed, and only rooted plants continued to accumulate Se after dosing ended. The BAFs for macroinvertebrates were inversely proportional to dose and ranged from 1,896 to 1,134 in the low-and hightreatment streams, respectively, where isopods accumulated the highest amounts of Se. Significant decreases were observed in tissue concentrations of macroinvertebrates from all three treatments after dosing ceased. Isopod and Tubifex populations were dramatically reduced in the medium-and high-Se treatments.
Bluegill sunfish were held in pools for various time periods during the study by Swift. Whole-body BAFs were low, ranging from between 100 and 476, with variation between treatments and tissues. They continued to accumulate Se after dosing ceased. Toxic and negative reproductive effects were seen in the medium-dose treatment stream, and mortality occurred in the high-treatment stream. Based on the hazard assessment protocols of Lemly, Swift determined the high and medium treatments to be high hazards and the low treatment to be a low hazard. Although accumulation occurred in the food chain and mortality and reproductive effects ooccurred in the lowtreatment stream, changes were not statistically significant. Swift, however, felt that the evidence in this study supported a water-quality criterion of 2 g/L or less for sensitive biota.
The study by Swift has been reviewed by Hamilton [42] , who concluded that the Monticello streams best represent all habitat types that would be found in most stream environments, particularly because the population effects in these streams had been good predictors of laboratory-derived criteria. However, effects on fish populations in these streams were not maintained throughout the entire duration of the experiment, which could mean that temporary holding of fish was stressful. Fish from a real lotic system will have many adaptations to their environment and could be more or less sensitive to one particular stress, such as Se contamination. This could be supported by the general lack of dose response that is typical in laboratory studies, which was evidenced by the inverse relationship between Se concentration and BAFs for macroinvertebrates. Perhaps static laboratory studies are not the best predictors of stream mesocosm effects. Additionally, the only evidence of habitat variation in this study is the inclusion of riffles and pools; no backwater or reservoir areas were involved in this study.
Two studies have looked at the effects of elevated Se resulting from active uranium-and coal-mining activities in the Interestingly, Se concentrations in the Muskeg River, Alberta, Canada, which is downstream from a disposal site that contains fly ash, bottom ash, and reject material from a nearby coal-fired power plant, were less than or close to the detection limit (0.5 g/L). Rainbow trout tissues that had the greatest mean concentrations of Se were found adjacent to the active mine site, in Lac des Roches and in Luscar Creek (both in AB, Canada), where concentrations in surface waters and tissues were higher in Lac des Roches than in Luscar Creek. Selenium concentrations in Lac des Roches were highest in eggs (23 and 19 g/g), followed by muscle (7 g/g and 4 g/ g). This study did not focus on the effects of Se concentrations to biota, but a recent paper shed light on the effects of aquatic Se levels in the McLeod River Basin in Alberta, Canada [50] (http://www.fishlarvae.com/book.asp?pgϭ52&pgretϭ1). This paper compared three different methods for evaluating deformities in fish larvae while analyzing data gathered from Luscar Creek and two reference sites. Spawning rainbow and brook trout were sampled in the field for eggs that were later fertilized in a laboratory setting. Larvae were reared until swim-up and then killed. Muscle and egg concentrations from brook and rainbow trout were greater than the reported toxic effect thresholds of 8 g/g in muscle and 10 g/g in eggs. Despite high tissue levels of Se, adult trout from Luscar Creek did not demonstrate visible evidence of Se toxicosis.
Egg Se concentrations exceeding 5 g/g in adult female rainbow trout from Luscar Creek were correlated to increased incidence of craniofacial, skeletal, finfold deformities, and edema in larvae. No such correlations were found for eggs from adult female brook trout; however, this appears to be caused by the incidence of deformities present in larvae from reference sites, which in turn likely results from fish mobility between sites. Total and craniofacial deformities were significantly greater in brook trout larvae from the Luscar Creek site than at the reference site. Fertilization, percentage mortality, and development time of fish larvae did not differ between Seexposure sites and reference sites for either fish species. Maximum egg Se concentrations measured in this study correlated well with those in the previous report by Alberta Environment [49] . The authors [50] concluded that their results were similar to those from the Monticello research mesocosm stream studies [48] , where the warm-water fish, bluegill, sunfish, and fathead minnow had high incidence of edema, lordosis, and internal hemorrhaging at ovarian Se concentrations of 5 g/g. In this study( [50] ), however, when egg Se concentrations were 7 g/ g, the highest incidence of total deformities never increased above 20%, and the incidence of edema was less than 10% for both brook trout and rainbow trout.
Hamilton et al. [51] conducted another assessment of razorback sucker in the Green River, Utah, USA, and found that larval tissue Se concentrations were above acceptable levels of 4 g/g and often increased throughout growth into juvenile stages. Using both the hazard protocol assessment of Lemly and the more traditional quotient method, Hamilton et al. concluded that Se was adversely affecting juvenile razorback sucker populations in the Green River. Hamilton extrapolates the results of two previous reproduction studies to predict potential hazards present in the field. Adult fish were held in specific locations for nine months, until late spring, as part of their exposure, at which time they were handspawned and tests were conducted with eggs and larvae. One site of interest, Adobe Creek, Colorado, USA, was the most lotic in nature, whereas the other two sites were ponds. Not only did the Se concentrations in water decrease greatly at this site in the second study, so, too, did the Se concentrations in fish eggs. Benthic invertebrate and sediment concentrations remained the same. Hamilton et al. do not report whether reproductive effects occurred at this site. However, the concentrations are much greater than the reference site in both studies, and in each study, these authors evaluated the hazard as being high. Hamilton et al. feel that this may explain the reported reduction in juvenile razorback but does not provide a direct relationship between Se concentrations that relate to fish population reductions or establish a mechanism causing adverse effects to reproduction or survival. Hamilton does not propose a specific criterion to follow that could improve declining fish populations observed in the Green River.
In a review paper by Hamilton and Palace [42] , the authors compiled key literature on lotic systems and critiqued a study conducted in a lotic system by Kennedy et al. [52] , but they did not generally address Se effects in lotic systems. They primarily criticized omissions from reported data and the methodologies. The reasons for doubting the data and methodologies include unacceptably high mortalities at the reference site, outliers in regression analysis, lack of detail regarding deformity scoring, and possible age variation in females sampled for eggs. Their review itself does not address the fundamental geochemical and physical differences between lentic and lotic environments and how these factors influence the biological effects of Se but, rather, lists some important studies that have begun to look at these factors.
Most recently, Orr et al. [53] investigated three hypotheses to explain greater Se concentrations in fish from lentic habitats compared to lotic habitats in a mountain watershed located in British Columbia, Canada. The three hypotheses were as follows: Enhanced uptake by primary producers, longer foodchain length, or greater food-web accumulation through the benthic detrital pathway. Using stable-isotope analysis (C and N), both the length of the food chain and the uptake by aquatic primary producers were comparable in lentic and lotic habitats. However, evidence was found suggesting that biotransformation of inorganic forms of Se to organoselenium was enhanced and that subsequent uptake and cycling through the benthic component of the food web likely accounts for higher fish tissue Se concentrations in lentic systems.
HOW DO LOTIC AND LENTIC SYSTEMS COMPARE?
The cycling of Se in lentic systems is fairly well understood. One study [13] that demonstrated this clearly was the development of a predictive model for assessing the biological pathways by which Se is transported in freshwater lentic systems. The data for the model were generated from a simplified laboratory food chain and then confirmed in natural ecosystems.
Selenium in lotic and lentic environments
Environ. Toxicol. Chem. 24, 2005 1339 Uptake of Se-met was the most rapid for all trophic levels. Bacteria had similar uptake rates to phytoplankton; however, over the long-term, selenite uptake rates remained much higher than those for selenate. Zooplankton actively incorporated Se from food. Although bioconcentration occurs from the surrounding medium, bioaccumulation from diet appears to be much more important. Fathead minnows were used in this model, in which changes in egg and tissue concentrations from food and water were measured during successive breeding events. Primarily, these fish incorporate Se from the diet, whereas some bioconcentration from water occurs. The total tissue concentrations appear to be additive. Selenium content of eggs varied greatly among individuals and clutches. The predictive model was tested against field measurements taken from the water column and food-web components of the Hyco Reservoir, North Carolina, USA, from 1985 to 1992. The model was found to be in excellent agreement with field data. As concentrations of total Se over the final three years of the study in both the epilimnion and hypolimnion decreased significantly, so, too, did concentrations in zooplankton and phytoplankton. However, Se concentrations in benthic insects and larger consumer fish (bluegill) did not decrease significantly, suggesting that the benthic community and fish respond more slowly because of the ability of Se to persist in sediments and the importance of the benthic community in lentic systems. Some general differences exist in Se cycling between different habitats. Fine, autochthonous organic sediments may be rare in lotic environments because of constant flushing rates, which may prevent the formation of an upper layer of Secontaminated sediment [2] . Therefore, the benthic and detrital components of the system play a less significant role in the cycling of Se. Additionally, lotic systems have a higher redox potential than the lentic environments do because of constant aeration from flowing water. This means that mostly selenate and some selenite will be present in the water. Often, habitats that accumulate Se best are shallow, slow-moving waters with low flushing rates and are eutrophic, such as a wetland or a reservoir [2] . In these environments, sedimentation rates will be high, and the reduction potential will shift from oxic in the photic zone to anoxic in the sediments. This will cause changes in Se speciation from predominantly selenite and selenate in the surface waters to mostly Se 0 and organic species in the sediments. Finally, it is necessary to understand the importance of assessing an entire hydrological area or catchment (i.e., all the habitats that can be affected by a contaminated source). For instance, a river can affect a lake or a wetland within its catchment, and the fish living in one of these systems may move between these habitats and into local streams, essentially forming an entire hydrological unit. This concept was formed by Lemly to determine site-specific criteria for Se water quality [2, 54] .
Many examples of Se toxic effects in lentic environments are available. The most intensively studied are Belews Lake, North Carolina, USA [11] ; Hyco Reservoir, North Carolina, USA [13] ; Martin Reservoir, Texas, USA [20] ; Kesterson Reservoir, California, USA [20] ; Tulare Basin, California, USA [20] ; and Sweitzer Lake, Colorado, USA [20] . In all cases, adverse effects resulting in losses of fish and avian populations were observed when waterborne concentrations of Se exceeded 2 to 5 g/L [20] . Acceptable waterborne Se concentrations are believed to be less than 1 g/L [55] . Table 1 compares and reviews specific Se concentrations found in the water and diets of fish in lentic and lotic systems and the biological effects observed in each location. Some general trends are apparent. For instance, low waterborne exposures in lentic environments often will result in very high bioaccumulation of Se in tissues [11, 56] , whereas comparable exposures in lotic environments tend to result in lower Se accumulation [23, 48] . This is illustrated nicely by higher Se tissue levels in bluegill sunfish in lentic waters containing less than 1 g/L of Se [11, 56] compared to bluegill in lotic environments containing 2.5 g/L of Se [48] . Only the species spottail shiner, white sucker, and northern pike appear to deviate from this general trend. However, the data for these species in Table 1 are from the same study, and the flowing water is upstream from the standing water, allowing movement of fish between sites and, possibly, contributing to variation in lifetime-exposure concentrations [23] . Additionally, this table clearly illustrates the futility of predicting concentrations of Se in fish from waterborne exposures. Diet appears to be a more reliable predictor of tissue concentrations, indicating the importance of the transfer of organic Se through trophic interactions and not bioconcentration from environmental compartments.
There may be many reasons why Se accumulates to different extents in biological tissues in lotic versus lentic environments. For instance, Se may be present in smaller quantities at the sediment-water boundary because of differences in the sedimentation aspects of lotic environments. This could reduce the persistent effects of Se contamination on the benthic component of the lotic food web. Additionally, the proportion of total dissolved Se in lotic systems will be present mainly as selenate because of greater dissolved oxygen levels [36] . Sulfate ions that are present will be able to inhibit uptake into algae, zooplankton, and forage fish [20, 21] , effectively decreasing the amount of dietary Se available to predatory fish through food-web interactions. Information about the specific lotic biotic species present, their food-web dynamics, and their involvement in Se cycling should be evaluated to assess the capacity of lotic environments to accumulate Se. However, research concerning the difference between the ecology of the benthos in lentic and lotic systems and how that affects Se cycling is lacking in the literature.
Little information is available regarding uptake rates of Se into algae and the effects on bioaccumulation in higher trophic levels of natural environments. There could be an observed difference in Se exposure levels and Se tissue levels between lentic and lotic environments because it may be more difficult to control field studies in lotic than in lentic environments. Hamilton [3] has discussed this idea in a review of residuebased Se toxicity thresholds. Specifically, difficulties are associated with choosing an appropriate reference site for studies in lotic systems, and it often is necessary to have a fully trained ecologist or ichthyologist in the field to identify species and to help interpret the data reported. A second feature that is noticeable in Table 1 is that dietary exposures are better predictors than waterborne exposures for Se levels in tissues. This trend is observed in both lentic and lotic environments [44, 47, [57] [58] [59] , and this trend is important, especially when considering effects to piscivorous wildlife populations. Fish may not always experience the deleterious effects because of elevated tissue concentrations of Se, and their concentrations often exceed known dietary lowest-observed-effect concentrations reported for birds and mammals [23] . Besser et al. [23] Lemly [11, 56] May et al. [44] Lemly [11, 56] Lemly [11, 56] majority of these studies were conducted in lentic systems, so to obtain a better understanding of the differences between lentic and lotic systems with respect to their Se biomagnification potential, we simply need more studies performed in lotic systems. In many of the conducted studies, insufficient attention was paid to hydrogeochemical characteristics (e.g., redox potential or major-element water chemistry) of the specific system investigated, so it is hard to evaluate if the observed magnitude of Se bioaccumulation is caused by the system being lentic or lotic or by the general water and/or sediment chemistry. Likewise, in many field studies, the foodchain component is characterized insufficiently, so we cannot determine if Se concentrations in higher organisms are caused by system characteristics or trophic structure. To resolve these issues, more field studies that pay the same level of attention to chemical and biological aspects of Se biomagnification are needed.
Although it generally is accepted that Se speciation is one key component of the Se biomagnification phenomenon, many studies have neglected this aspect, and we therefore lack significant information about the molecular mechanisms that have contributed to Se uptake and transfer between trophic levels (or lack thereof) in the particular system. Among the few studies that have included speciation analyses, a large fraction employed analytical speciation methods that no can longer be considered as state-of-the-art and that may have induced significant bias into the generated Se speciation patterns, which consequently would distort the derived biogeochemical interpretations with respect to Se bioaccumulation and biomagnification. One example is the use of operationally defined methods for determining selenate, selenite, and reduced Se instead of the direct hyphenated speciation methods available today, which may have led to overestimation of reduced Se because of systematic analytical issues associated with the determination of total inorganic Se (selenite ϩ selenate) as well as preventing the exact identification and determination of individual soluble reduced inorganic Se species and their role in the Se biogeochemical cycle investigated.
Finally, because of the complicated nature of this analytical problem, we generally lack reliable techniques for measuring Se speciation in solid samples, such as sediments and tissues, and where such methods have been developed, they rarely have been used in the context of studying Se biomagnification mechanisms in real-world or well-controlled laboratory systems. Consequently, we need to advance our analytical capabilities with respect to Se speciation in all relevant compartments of a studied ecosystem and then make these modern tools available to all groups interested in studying Se biomagnification processes so that differences between biogeochemical Se cycles in lentic versus lotic systems can be positively identified on a molecular level. Additionally, many studies focusing on Se concentrations in aquatic habitats have been hampered by difficulties related to the accurate analytical determination of Se concentrations less than 10 g/L, because these detection limits can be achieved only by specialized and experienced laboratories [60] . Consequently, in many previous studies, it was impossible to establish an accurate relationship between waterborne Se concentrations and resulting tissue concentration (this is evident in Table 1 , in which several nondetects are listed).
Debate has appeared in the literature regarding the relevance of the current U.S. EPA water criterion for Se. There have been many reports of no effects to fish populations in lotic systems that contain Se levels at or greater than the current U.S. EPA water criterion for Se regarding aquatic wildlife (5 g/L). In contrast, adverse effects have been reported in lentic environments with dissolved Se concentrations that are less than the U.S. EPA criterion. Although a descriptive statistical analysis of published data regarding Se biomagnification in fish strongly suggests that lentic systems favor Se biomagnification by a factor of approximately 10 compared to lotic systems [4] , this hypothesis has not been conclusively verified experimentally in the field. Evidence suggests that lentic systems bioaccumulate dissolved Se to a greater extent than lotic systems do. Tissue levels of Se in biota may be the most reliable indicator for predicting accumulation of Se at the next trophic level and assessing toxic effects; however, a better understanding of Se speciation is required to properly undertake such analyses. What is clear from the review of current literature is that no overwhelming evidence exists that toxic effects are present in lotic systems with Se concentrations at or less than the current U.S. EPA waterborne criterion of 5 g/L or with fish having suggested Se tissue levels of 4 g/ g. However, more scientific evidence is needed to determine the precise factors that cause lowered impacts in lotic systems before it can be decided conclusively if valid reasons exist to set site-specific criteria for areas that can tolerate higher levels of Se impacts.
We were unable to locate any comparative information regarding differences between lentic and lotic systems with respect to either Se uptake into or Se speciation in aquatic organisms. The problem about clarifying decisively the impacts of an aquatic environment being lentic versus lotic would be to find two systems that are as identical as possible with respect to water (and, possibly, sediment) chemistry (e.g., total Se concentration and Se speciation) so that these factors can be separated from the different limnological and biological conditions. This presents the ultimate challenge in answering the question raised here and, eventually, may be possible to study only in controlled laboratory settings. One approach that could help to address these issues would be to study small-bodied fish, such as shiners and darters. These types of fish tend to spend their lifetimes in one location (effectively eliminating problems associated with locomotion between hydrological units), are easy to sample, and are found in both lentic and lotic environments. They also could be used in a more controlled manner, such as with caged field experiments, because recent evidence has demonstrated the ability of small-bodied fish to handle the stress of caged experiments. Additionally, because biomagnification factors remain similar between trophic levels of different fish species, small fish could be good estimators of the Se concentrations in larger fish except for the fact that larger fish tend to live longer and, therefore, may accumulate higher levels of Se over a lifetime.
Debate also exists in the literature as well as among industrial and academic scientists regarding the differences between the effects of Se in lentic and lotic systems, and unfortunately, surprisingly little information is available that can effectively resolve this argument. Many of the studies that were performed in lotic systems did not address the issue of lentic versus lotic habitat and, thus, did not investigate factors characteristic to lotic environments that may be influencing results. A useful study would be one that compares both lotic and lentic systems, with appropriate treatment and reference sites for both, and measures the factors that could influence Se bioavailability to the benthic component of the food web, algae, invertebrates, and fish, such as flushing rates, pH, reduction potential, presence of oxy-hydroxides and other metals, dissolved organic matter, sulfate, and of course, Se speciation. Other issues currently under examination include dietary exposure versus waterborne exposure and whether a criterion for determining toxicity thresholds in fish and wildlife should be water-versus sediment-or tissue-based. Hamilton [3] has conducted a complete review surrounding this debate. The most widely accepted value for a Se criterion regarding aquatic life is 4 g/g (dry wt) in tissues. A tissue-based criterion is most widely supported, because it eliminates conflicts surrounding food-chain variation, differences between lentic and lotic environments, temporal and spatial variability of Se concentrations in water, sediment and diet, animal species, and life-stage variation [3] . We tend to agree with this monitoring approach as being the most reasonable solution, because it eliminates confounding factors by addressing the heart of the matter (i.e., is there enough Se in biota to cause toxic effects?).
However, the literature is currently lacking in key information that could improve our understanding and refinement of the methods used to derive a tissue-based criterion. For instance, how do interactions with other metals increase or decrease the toxicity of Se, and by how much? Additionally, the different organic Se species found in tissues need to be fully elucidated with respect to their relative toxicities and functions within wildlife. For example, if a fish had a wholebody Se tissue level of 4 g/g but 20% present as a highly toxic or, conversely, a nontoxic proteinaceous form, this would significantly alter the result of the risk assessment. Studies by Fan et al. [14, 61] provide evidence that other proteinaceous forms of Se besides Se-met are present at significant concentrations in tissues. In this work ( [14] ), proteinaceous Se and Se-met were analyzed in the protein fraction of fish tissues, invertebrates, macrophytes, microphytes, and sediment. In fish tissues, total Se in the protein fraction frequently was close to 50% and as high as 82.0%, whereas total Se in Se-met was 20% or less. It would be very interesting to find out what the other forms of Se are in the remaining protein fraction. Supporting the idea that proteinaceous Se can be present in a nontoxic form is a study performed by Reinfelder and Fisher [26] , who exposed phytoplankton to 75 Se and subsequently fed it to marine copepods, which were then fed to juvenile silversides. The results demonstrated that Se was not absorbed efficiently in fish fed crustaceous invertebrates, possibly because Se is deposited at close to 60% in the exoskeleton, which largely is indigestible [26] . To determine how Se protein speciation is affecting Se ecotoxicity in lotic environments, research supporting the characterization of Se speciation in all environmental compartments of both lotic and lentic environments should be performed. For example, Se species with environmental cycles and effects that are not well understood, such as colloidal, metal-complexed, and uncharacterized proteinaceous forms, should be studied in surface waters, sediments, and biota.
Methods that could be employed for determining the Se speciation in proteinaceous fractions could include the use of proteomics and/or two-dimensional electrophoreses. Creation and purification of antibodies has become less difficult and time-consuming than in past decades and could result in the development of a microarray or a protein bead-array assay.
Both could become useful, routine, high-throughput assays for fast detection and quantification of toxic proteinaceous forms for a variety of biological species at once. It could be interesting to compare the proteinaceous forms in the different biota of a lentic system to those of a lotic system using one of these array methods. In this way, one could quickly and quantitatively assess the amount of bioavailable Se flowing through all the trophic levels of an ecosystem, which could be useful for both dietary and tissue criteria, while increasing our understanding about the presence of specific enzymes or proteins known to lead to toxic effects. Other considerations regarding tissue-based criterion that could become highly relevant when assessing lotic systems are the methods for extrapolation from muscle tissues to egg concentrations, which biological species are chosen for analysis, and if whole tissues are used, whether protein normalization techniques should be employed.
